Pigs are considered excellent laboratory animals because of their close similarity to humans, both anatomically and physiologically. Moreover, pigs are expected to contribute to research in human medicine, including regenerative medicine, as human disease models and as suitable organ donors for xenotransplantation achieved by the genetic modification of pigs. The first genetically modified pigs were generated by embryo transfer of mutant embryos modified by microinjection of exogenous DNA into the pronucleus of zygotes \[[@r1]\]. However, the efficiency of introducing mutations was quite low because genetic modification by pronuclear microinjection of exogenous DNA relies on random insertion of genes \[[@r2]\]. After the establishment of somatic cell nuclear transfer (SCNT) in pigs, SCNT is now a main technique used to generate genetically modified pigs from genetically modified donor somatic cells due to the greater efficiencies of preparing donor cells carrying site-specific changes and a wide range of modifications for knockout and knockin \[[@r3], [@r4]\]. However, SCNT requires sophisticated techniques, and successful SCNT depends on the operator's skills. Birth defects, abortion, and early postnatal death are also major problems associated with SCNT, followed by embryo transfer of reconstructed embryos \[[@r5]\]. Thus, the efficiency of generating live genetically modified pigs by SCNT has been low \[[@r3]\].

Gene editing with site-specific nucleases, such as clustered regularly interspaced short palindromic repeat (CRISPR) / CRISPR-associated nuclease 9 (Cas9) \[[@r6]\], has enabled the introduction of site-specific mutations in animal cells. Cytoplasmic microinjection (CI) of CRISPR/Cas9 components, Cas9 mRNA/protein and guide RNA (gRNA), also enabled the induction of site-specific mutations in zygotes and embryos \[[@r3]\]. However, the genotypes of mutant embryos from zygotes injected with CRISPR/Cas9 components often exhibit mosaic patterns. These mutant embryos are composed of several types of cells with different mutations \[[@r7],[@r8],[@r9],[@r10]\], which have often been observed after pronuclear microinjection of foreign DNA \[[@r11]\]. The occurrence of genetic mosaicism in resultant pigs is a serious problem because mosaicism, including wild-type (WT) cells, complicates phenotypic analysis. Although it is necessary to produce a non-mosaic F1 generation from the mosaic mutants to analyze phenotypes clearly, the production of the next generation is time-consuming and labor intensive, particularly in large animals because of the much longer pregnancy period than that in mice.

Mosaicism is predicted to appear due to the occurrence of gene editing after the first replication of the zygotic genome. To generate non-mosaic mutants, including biallelic mutants, the CRISPR/Cas9 system needs to be functional prior to the first genome replication. Therefore, one of the important factors to control mosaicism seems to be the timing of introducing CRISPR/Cas9 components into 1-cell zygotes. However, there is limited information regarding the timing of injection of the CRISPR/Cas9 components into porcine zygotes. On the other hand, it has been reported that the concentration of Cas9 mRNA and gRNA introduced into mouse zygotes by electroporation influences the efficiency of gene editing \[[@r12]\]. In the case of gene editing by CI using the Cas9 protein, the optimization of functional concentrations of Cas9 protein and gRNA is also required to reduce mosaicism. However, few researchers have evaluated the effects of these factors on gene editing of porcine zygotes using the CRISPR/Cas9 system in order to reduce mosaicism in the resulting blastocysts.

In this study, we examined the suitable timing of introducing Cas9 protein with gRNA into *in vitro*-fertilized zygotes by CI. We also evaluated the concentration of Cas9 protein and gRNA for efficient gene editing by CI.

Materials and Methods {#s1}
=====================

Oocyte collection and in vitro maturation
-----------------------------------------

Porcine ovaries were obtained from approximately 6-month-old gilts from a local slaughterhouse and were transported in physiological saline within 1 h to the laboratory at 30°C. Ovaries were washed three times with modified phosphate-buffered saline (m-PBS; Nihonzenyaku, Fukushima, Japan) supplemented with 100 IU/ml penicillin G potassium (Meiji, Tokyo, Japan) and 0.1 mg/ml streptomycin sulfate (Meiji). The follicles of the ovarian surface were sliced on a sterilized dish using a surgical blade, and cumulus-oocyte complexes (COCs) were visualized and collected under a stereomicroscope. Only COCs with a uniformly dark-pigmented ooplasm and intact cumulus cell masses were collected. Approximately 50 COCs were then cultured in 500 µl of maturation medium consisting of tissue culture medium 199 with Earle's salts (TCM 199; Invitrogen, Carlsbad, CA, USA) supplemented with 10% (v/v) porcine follicular fluid, 0.6 mM cysteine (Sigma-Aldrich, St. Louis, MO, USA), 50 µM β-mercaptoethanol (Wako Pure Chemical Industries, Osaka, Japan), 50 µM sodium pyruvate (Sigma-Aldrich), 2 mg/ml D-sorbitol (Wako Pure Chemical Industries), 10 IU/ml equine chorionic gonadotropin (Kyoritu Seiyaku, Tokyo, Japan), 10 IU/ml human chorionic gonadotropin (Kyoritu Seiyaku), and 50 µg/ml gentamicin (Sigma-Aldrich), then covered with mineral oil (Sigma-Aldrich) for 22 h in 4-well dishes (Nunc A/S, Roskilde, Denmark). Subsequently, the COCs were transferred into maturation medium without hormone supplementation and cultured for an additional 22 h. The incubation of COCs was conducted at 39°C in a humidified incubator containing 5% CO~2~.

In vitro fertilization
----------------------

*In vitro* fertilization (IVF) was performed according to methods described previously \[[@r13]\]. Frozen-thawed ejaculated spermatozoa were transferred into 5 ml of fertilization medium (PFM; Research Institute for the Functional Peptides, Yamagata, Japan) and washed by centrifugation at 500 × *g* for 5 min. The pelleted spermatozoa were resuspended in fertilization medium and adjusted to 1 × 10^6^ cells/ml. Next, approximately 50 oocytes were transferred to 500 µl of sperm-containing fertilization medium, covered with mineral oil in 4-well dishes, and co-incubated for 5 h at 39°C in a humidified incubator containing 5% CO~2,~ 5% O~2~, and 90% N~2~.

Cytoplasmic microinjection
--------------------------

The matured oocytes and presumptive zygotes were subjected to CI of CRISPR/Cas9 components. Microinjection was performed in a 20 μl drop of PZM-5 (Research Institute for the Functional Peptides) covered by mineral oil. Opti-MEM I solution containing Cas9 protein (Guide-it™ Recombinant Cas9; Takara Bio, Shiga, Japan) and gRNA (Alt-R™ CRISPR crRNAs and tracrRNA, chemically modified and length-optimized variants of native guide RNAs purchased from IDT (Integrated DNA Technologies, Coralville, IA, USA)) targeted exon 1 of the *α-1,3-galactosyltransferase* (*GalT*) gene, which encodes a specific antigen on the surface of pig cells, which is a major obstacle in pig-to-human xenotransplantation \[[@r14]\]. The target sequence: (5′-TGTTTTGGGAATACATCAAC-3′) was loaded into an injection pipette (Femtotips II, Eppendorf, Hamburg, Germany). Oocytes/zygotes were immobilized with a holding pipette, and the tip of the injection pipette was inserted into the cytoplasm through the zona pellucida and the cell membrane at the 3 o'clock position. Subsequently, opti-MEM I solution containing Cas9 protein and gRNA was injected into the cytoplasm by air pressure (injection pressure, 100--200 hectopascals (hPa); compensation pressure, 10--15 hPa; and injection time, 0.15 sec) using a microinjector (FemtoJet 4i; Eppendorf). We confirmed the success of CI by observing slight swelling of the oocyte/zygote cytoplasm.

In vitro culture
----------------

The zygotes were subsequently transferred to PZM-5. Approximately 50 zygotes were cultured continuously in 500 µl of PZM-5 covered with mineral oil for three days in 4-well dishes. Then, the zygotes were cultured in 500 µl of porcine blastocyst medium (PBM; Research Institute for the Functional Peptides) covered with mineral oil for four days in 4-well dishes. The incubation of zygotes and embryos was conducted at 39°C in a humidified incubator containing 5% CO~2,~ 5% O~2~, and 90% N~2~. To evaluate the gene editing efficiency, blastocysts from microinjected zygotes were collected on day 7 (day 0 = insemination) and subjected to gene analysis, as described below.

Analysis of targeted genes after CI
-----------------------------------

Genomic DNA was isolated from blastocysts by boiling them in a 50 mM NaOH solution. After neutralization, the genomic regions flanking the gRNA target sequences were PCR-amplified using specific primers targeting exon 1 of the *GalT* gene, including the target site of the gRNA: 5ʹ-AGTCAGGATGCTTCCCCTTT-3ʹ (forward) and 5ʹ-AAGCTGGTGACTTGGCTGAT-3ʹ (reverse). Forward and reverse PCR primers were designed 341 bp upstream and 83 bp downstream of the anticipated gRNA cut site, respectively. PCR products from blastocysts were extracted by agarose gel electrophoresis. The targeted genomic regions of the PCR products were directly sequenced. Sanger sequencing was performed using BigDye Terminator Cycle Sequencing Kit ver. 3.1 (Thermo Fisher Scientific, Waltham, MA, USA) and an ABI 3500 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) platform. The TIDE bioinformatics package \[[@r15]\] was used to determine the gene editing efficiency in blastocysts. Blastocysts that carried no WT sequences were classified as having biallelic mutations. Blastocysts that carried one or more types of mutation with the WT sequence were classified as mosaics. Blastocysts that only carried the WT sequence were classified as WT ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Representative results of Sanger sequencing of blastocysts formed after cytoplasmic microinjection with Cas9 protein and *GalT* gRNA, and the frequencies of indels decomposed from Sanger sequence data by TIDE analysis. (a) Analysis of wild-type blastocyst. (b) Analysis of a blastocyst carrying mosaic mutation. The Sanger sequence traces consist of a mixture of wild-type and 1 bp insertion sequence, which yields a composite sequence trace after the break site. TIDE analysis decomposed the Sanger sequence data, and indels and their frequencies are indicated. (c) Analysis of blastocyst carrying biallelic mutation. The Sanger sequence traces of a blastocyst carrying biallelic mutation consist of a composite sequence trace without wild-type sequence. Arrowheads indicate the Cas9 cleavage sites. Nucleotides in blue color indicate target sequences, and nucleotides in red color indicate protospacer adjacent motif (PAM) sequences.). The mutation efficiency was defined as the ratio of the number of blastocysts that carried mutations to the total number of blastocysts examined.

Experimental design
-------------------

Experiment 1: To confirm the optimum timing of CI for efficient gene editing, we performed CI in oocytes before IVF, in zygotes after IVF, and in oocytes and zygotes before and after IVF, twice. Briefly, matured oocytes were denuded from cumulus cells by treatment with 150 IU/ml hyaluronidase (Sigma-Aldrich) in Medium 199, with gentle pipetting. The denuded oocytes were subjected to IVF and CI. The oocytes/zygotes were injected with 20 ng/μl each of Cas9 protein and gRNA, targeting the *GalT* gene, 2 h before the start of IVF (CI-IVF group), 6 h after the start of IVF (IVF-CI group), or 2 h before the start of IVF and 6 h after the start of IVF (CI-IVF-CI group), twice. After IVF, the putative zygotes were denuded from the attached spermatozoa by gentle pipetting. After IVF and CI, the zygotes were cultured for seven days, as described above. As a control, some zygotes without CI treatment before and after IVF were cultured for the same number of days. The resultant blastocysts after CI treatment were collected and subjected to analysis of gene editing efficiency, as described above.

Experiment 2: The effect of Cas9 and gRNA concentration on gene editing efficiency was examined. After IVF, putative zygotes were injected with 20 ng/μl each or 100 ng/μl each of Cas9 protein and gRNA 6 h after the start of IVF. After *in vitro* culture for seven days, the resulting blastocysts were collected and subjected to analysis of gene editing efficiency, as described above.

Statistical analysis
--------------------

All percentage data were subjected to arcsine transformation before performing analysis of variance (ANOVA). The transformed data were tested by ANOVA, followed by Fisher's protected least significant difference (LSD) test, using StatView software (Abacus Concepts, Berkeley, CA, USA). The percentages of mutations in the total number of blastocysts were analyzed by chi-squared analysis. Differences with a probability value (P) of 0.05 or less were considered statistically significant.

Results {#s2}
=======

Experiment 1
------------

As shown in [Table 1](#tbl_001){ref-type="table"}Table 1.Effects of microinjection treatment on the development of porcine zygotes \*Experimental group \*\*Number of embryos examinedNumber of embryoscleaved (%)developed to blastocysts (%)Control225203 (90.2 ± 1.0) ^a^22 (9.5 ± 1.5)CI-IVF238187 (77.9 ± 3.3) ^ab^21 (8.2 ± 2.1)IVF-CI269200 (74.5 ± 3.5) ^ab^17 (6.4 ± 1.2)CI-IVF-CI234137 (57.3 ± 14.6) ^b^14 (5.9 ± 1.6)\* Five replicate trials were carried out. Percentages are expressed as the mean ± SEM. \*\* CI: cytoplasmic microinjection, IVF: *in vitro* fertilization, CI-IVF: CI at 2 h before the start of IVF, IVF-CI: CI at 6 h after the start of IVF, CI-IVF-CI: CI at 2 h before the start of IVF, and 6 h after the start of IVF, twice. ^a,\ b^ Values with different superscripts in the same column differ significantly (P \< 0.05)., the cleavage rates of embryos after CI-IVF-CI treatment were significantly lower (P \< 0.05) than those of control embryos. However, CI treatment had no effect on blastocyst formation rates. When the rates of blastocysts carrying mutations were compared between the experimental groups with CI treatment, the highest value was observed in the IVF-CI group ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Mutation efficiency of blastocysts resulting from zygotes injected with Cas9 protein and *GalT* gRNA at various time points. The mutation efficiency indicates the ratio of the number of blastocysts that carried mutations to the total number of blastocysts examined. Numbers above the bars indicate total number of blastocysts examined. Mosaic: mosaic mutant, WT: wild-type, CI: cytoplasmic microinjection, IVF: *in vitro* fertilization, CI-IVF: CI at 2 h before the start of IVF, IVF-CI: CI at 6 h after the start of IVF, CI-IVF-CI: CI at 2 h before the start of IVF and at 6 h after the start of IVF, twice.). Various types of insertion/deletion (indel) mutations, ranging from 6-bp deletions to 3-bp insertions, were detected in mutant blastocysts. There were no biallelic mutant blastocysts in any of the treatment groups.

Experiment 2
------------

The cleavage rates of the Cas9 protein and gRNA injected group (74.0% and 70.9%, for 20 and 100 ng/μl each of Cas9 protein and gRNA injected group, respectively) were statistically similar to that of the control group (85.5%). Moreover, the blastocyst formation rates of the Cas9 protein and gRNA injected group (11.9% and 18.0%, for 20 and 100 ng/μl each of Cas9 protein and gRNA injected group, respectively) were also statistically similar to that of the control group (19.4%). The ratio of the number of blastocysts that carried mutations to the total number of examined blastocysts in the 100 ng/μl each of Cas9 protein and gRNA injected group (61.1%) was significantly higher (P \< 0.05) than that in the 20 ng/μl each of Cas9 protein and gRNA injected group (30.4%) ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.Mutation efficiency in blastocysts from zygotes injected with 20 ng/µl each or 100 ng/µl each of Cas9 protein and gRNA. The mutation efficiency indicates the ratio of the number of blastocysts that carried mutations to the total number of blastocysts examined. Numbers above the bars indicate total number of blastocysts examined. Biallelic; biallelic mutant, Mosaic: mosaic mutant, WT: wild-type. \* Chi-squared analysis showed a significant difference between the mutation efficiency of blastocysts from zygotes injected with 20 ng/µl each of Cas9 protein and gRNA and those injected with 100 ng/µl each of Cas9 protein and gRNA (P \< 0.05).). Although there were no biallelic mutant blastocysts in the 20 ng/μl each of Cas9 protein and gRNA injected group, 16.7% of blastocysts injected with 100 ng/μl each of Cas9 protein and gRNA carried biallelic mutations. Various types of indel mutations, including 8 bp deletions to 9 bp insertions, were detected in mutant blastocysts.

Discussion {#s3}
==========

In the present study, we found that performing CI in zygotes after IVF may be more beneficial than performing CI in oocytes before IVF as the former could lead to a higher number of blastocysts carrying mutations. Moreover, when the concentration of Cas9 protein and gRNA was increased to 100 ng/μl, the mutation efficiency was significantly increased, and some blastocysts successfully carried biallelic mutations.

In the first experiment, we found that when CI was performed at 6 h after the start of IVF, the highest value of the rate of blastocysts carrying mutations was observed. Therefore, we adopted performing CI at 6 h after the start of IVF as the suitable time point for introducing the CRISPR/Cas9 components in our system. A previous study using parthenogenetic embryos showed that microinjection of CRISPR/Cas9-related mRNA at 6 h after electrical activation to induce parthenogenesis increased gene editing efficiency, compared to that immediately after electrical activation \[[@r9]\]. The authors hypothesized that the formation of the pronucleus may correlate with increased mRNA translation, resulting in higher gene editing efficiency. On the other hand, the delayed introduction of the CRISPR/Cas9 system also causes a reduction of biallelic mutations \[[@r16]\]. CRISPR/Cas9-mediated mutation efficiency was evaluated using parthenogenetic embryos that were microinjected with Cas9 mRNA and gRNA at 3, 8, or 18 h after activation treatment, and the rates of biallelic mutant embryos microinjected at 3 and 8 h after activation were approximately four and five times higher than those at 18 h \[[@r16]\]. In pigs, it has been reported that male pronucleus formation and DNA replication begin at 8--9 h, and 9.7 h after intracytoplasmic sperm injection, respectively \[[@r17], [@r18]\]. Another study in *in vitro* fertilized porcine zygotes has indicated that male and female pronucleus formation, and fusion of two pronuclei, begin at 6--10 h, 8 h, and 18 h after fertilization, respectively \[[@r19]\]. At 18 h after activation, DNA replication may have commenced; thus, the frequency of mosaicism seems to increase. Although there are some differences between their studies and our study (e.g., we used *in vitro* fertilized zygotes and Cas9 protein), our present results support these previous studies, which indicate that the timing of introduction of the CRISPR/Cas9 system is an important factor modulating the frequency of mosaicism in embryos.

In the case of using mRNA for CRISPR/Cas9-mediated gene editing of zygotes, the delay in mRNA expression results in gene editing after the first replication of the zygotic genome, which induces mosaicism \[[@r7]\]. In the present study, we used Cas9 protein to examine the timing of CI because injection of Cas9 protein was considered to exhibit more rapid and efﬁcient gene editing than injection of Cas9 mRNA with gRNA \[[@r20],[@r21],[@r22]\]. The mutation efficiency of the resulting blastocysts from oocytes injected before IVF was statistically similar to that from zygotes injected after IVF, but exhibited low values. In sheep, Cas9 mRNA and gRNA microinjection in MII oocytes resulted in improved mutation efficiency when compared to zygote microinjection \[[@r23]\]. The CRISPR/Cas9 activity introduced in oocytes before IVF may be different, depending on the species. Moreover, in human cells, the relative abundance of Cas9 protein delivered by transfection was greatly diminished by 24 h \[[@r20]\]. Therefore, our results also indicate that the stability of CRISPR/Cas9 components in cells is different from that in oocytes/embryos, and that CRISPR/Cas9 activity introduced into porcine oocytes before IVF might be decreased during the insemination process.

In the present study, some oocytes/zygotes underwent CI before and after IVF, twice (CI-IVF-CI group); however, the rate of gene editing in the resultant blastocysts was low. We observed that CI-IVF-CI treatment reduced the cleavage rate of oocytes/zygotes, likely indicating mechanical damage caused by the necessary micromanipulation procedures. Moreover, some studies observed cytotoxicity with the introduction of CRISPR/Cas9 components and the micromanipulation media \[[@r10], [@r24]\]. Our results indicate that the low efficiency of gene editing in the CI-IVF-CI group might result from mechanical damage and toxicity of the CRISPR/Cas9 system, after two rounds of CI with the micromanipulation media.

In the second experiment, we found that CI with a higher concentration of Cas9 protein and gRNA accelerated mutation efficiency and increased biallelic mutations in the resulting blastocysts. These results indicate that the gene editing efficiency of the CRISPR/Cas9 system appears to be proportional to the concentration of Cas9 protein and gRNA. To date, previous studies have used various concentrations of Cas9 mRNA, Cas9 protein, and gRNA at functional concentrations for microinjection in pigs, e.g., 20 ng/µl Cas9 mRNA and 10 ng/µl gRNA \[[@r25], [@r26]\], 125 ng/µl Cas9 mRNA and 12.5 ng/µl gRNA \[[@r16], [@r27]\], 25 ng/μl Cas9 protein and two kinds of 12.5 ng/μl gRNAs \[[@r24]\], 25 ng/μl each of Cas9 protein and gRNA \[[@r28]\]. However, comparative studies of the concentration of CRISPR/Cas9 components are few in number. Genetic mosaicism in resulting pigs is an obstacle for phenotypic analysis. On the other hand, to analyze the function of lethal genes, inducing intended mosaicism can be an effective strategy. In mice, chimeric founder generations with embryonic stem cells carrying biallelic mutations of a lethal gene suppressed the lethal phenotype and the animals survived to adulthood \[[@r29]\]. Generally, a number of genetically homogenous pups, including mono- and biallelic mutants, are needed to analyze gene function. Depending on the induced mosaic pattern and degree of mosaicism, the mosaic mutants are also expected to survive until sexual maturity, even if the targeted gene is lethal, which enables the generation of genetically homogenous F1 piglets. The mutation efficiency can be regulated by the control of the concentration of CRISPR/Cas9 components. Our study provides useful information for regulation of mosaicism in pigs.

In conclusion, to achieve efficient gene editing in porcine zygotes, CI of Cas9 protein with gRNA into zygotes after IVF has the possibility to be superior to that in oocytes before IVF. Furthermore, increasing the concentration of Cas9 protein and gRNA is effective in increasing mutation efficiency and generating biallelic mutant blastocysts. To reduce the mosaicism of microinjected zygotes, further optimization of the timing of CI and the concentration of CRISPR/Cas9 components is needed.
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